Abstract. Empirical models of the average magnetospheric magnetic field, plasma density, and temperature distributions are used to construct a model of the distribution of MHD wave mode speeds within the magnetosphere. Although the MHD wave speeds in general have a smaller dynamic range than the magnetic field intensity or the plasma properties, considerable structure and variability is found which will lead to interesting "optical" effects on the propagation of low frequency waves. A persistent feature of the derived optical structure, which is qualitatively insensitive to known variability of the field or plasma, is a pronounced minimum of the wave speeds in the outer plasmasphere, i.e., a magnetospheric "shoal." This feature does not map along magnetic field lines, but is confined to the equatorial region, leading to a positive radial gradient of wave speeds near synchronous orbit. The breaking of earthward propagating disturbances in this region may play an essential role in the formation of the substorm injection boundary and in the creation of equatorially trapped warm ion distributions.
Introduction
The propagation of magnetohydrodynamic (MHD) waves within space plasmas has long been recognized as the means by which the energy and momentum associated with transient phenomena are transported (Southwood and Hughes, 1983, and references therein). Within a system like the terrestrial magnetosphere, the plasma and magnetic field are highly nonuniform, and this leads in general to a very inhomogeneous medium for propagation of such waves. Burton et al. (1970) reported observations of magnetic field and plasma densities for four passes of OGO 5 through the plasmapause region, calculating Alfv•n speed profiles. We report here an attempt to construct a three-dimensional model of the typical magnetospheric distribution of Alfven and fast mode wave speeds, based on the extensive statistical data bases now available. Our goal is to identify persistent or characteristic features of these distributions which have potentially important effects on the dissipation of such waves or their access to various regions of space. This approach implies an emphasis on propagation at wavelengths which are smaller than the magnetospheric system, in contrast to the emphasis on long wavelengths and standing modes found in much of the literature on magnetic pulsations.
MHD Wave Optics of the Magnetosphere

Magnetic Field
We have used the Mead and Fairfield (1975) Obtaining a credible model of the plasma mass density and effective temperature (required for the ion acoustic speed) is a more difficult matter. The plasma electron density can be measured fairly reliably by noting the frequency of the upper hybrid resonance in passively sensed plasma waves (Persoon et al., 1983) , or by an active plasma wave sounding technique (Higel and Wu, 1984) . However, measurement of the ion mass composition and temperature, and electron temperature, is dependent at present upon accurate measurements of the low-energy "core" plasma ions and electrons. These measurements are very difficult to make at the low densities typical at high altitudes due to photoelectron emission by spacecraft surfaces and the consequent positive floating potential relative to the plasma. At present, good information on these parameters exists only at densities greater than approximately 100 cm -3, i.e., in the plasmasphere and plasmapause regions. Even with this restriction, statistical information on electron temperature is not routinely available.
In order to proceed, a plasma distribution model was constructed using as much empirical information as possible, with extrapolation or guesswork held to a minimum, as described below. The resulting density and temperature models for quiet conditions are shown in Figure 1 as equatorial plane and midnight meridian cross sections.
The plasma electron density is tied to the observations from GEOS 2 at geosynchronous orbit reported by Higel and Wu (1984) Examining the corresponding meridional distribution, we find that the deep minimum does not extend very far out of the equatorial plane along geomagnetic field lines, being confined to a region within about ___ 20 ø of the equator. In fact the Alfv(•n speed rises very rapidly passing out of the plasmasphere at higher latitudes, and the "horns" of the plasma sheet form regions of extremely high A!fv•,n speed, much higher than values found in the central plasma sheet.
Discussion
The purpose of this study has been to compute the distribution of MHD wave speeds throughout the near-Earth magnetosphere. To do this we have defined a crude empirical model of the plasma distribution within the magnetosphere which is nevertheless plausible as a mean •tate. We wish to draw particular attention to the deep minimum of the wave propagation speeds found roughly between 4-6 R•:• in the outer plasmasphere or inner plasma sheet rather independent of local time. For the particular model plotted, the deepest minimum is found in the evening near 5-6 Rye, though the existence of this feature is relatively independent of the activity level chosen for the plasma and field models. The basic velocity minimum feature is simply a consequence of the approximate L -3 magnetic field variation and the L -3 to L -4 variation of the plasma density in the inner plasmasphere, coupled with the rapid drop in plasma density, drop in magnetic field intensity, and rise in plasma temperature in the plasma sheet.
Acoustic waves in a gas obey a wave equation which is essentially identical to that describing shallow water waves. Therefore, we can make use of our experience and intuition with water waves in anticipating the behavior of magnetosonic waves. Of course, the index of refraction can be very anisotropic, and the fast mode should be coupled to the Alfvfin mode, so the situation is more complex. However, we expect accelerated steepening and breaking of waves when they propagate into regions of decreasing wave phase speed, as would be the case for compressional waves propagating earthward through the synchronous orbit region at any local time. By analogy with water wave behavior, we propose to refer to the wave speed minimum region as the magnetospheric "shoal." The term "beach" might be appropriate, as well, and has been used to describe the propagation of plasma waves into regions of slower phase speed. In the present case the region of low speed is embedded within regions of higher speed, so that the analogy with a "shoal" seems preferable.
Breaking of an acoustic wave corresponds to the transient formation of a shock, with the implication that bulk flow energy flux is converted into thermal energy of the gas as it is processed by the shock. Since the acoustic wave would be occurring in a collisionless plasma, all the phenomena associated with collisionless astrophysical shocks are expected to occur, including the creation of highly unstable ion distributions and very energetic particles. The wave breaking and shock formation would be expected just as the wave enters the region of increasing core plasma density and decreasing hot plasma, i.e., just as it begins to compress and displace earthward the plasma sheet inner boundary. Though this situation is clearly very complex, the physics of it is a logical extension of recent advances in our understanding of steady collisionless shocks. The net effect on the plasma would include some combination of boundary displacement and local heating along the displaced boundary. Since the outer plasmasphere is known to consist of ionospheric plasma, we should expect the plasma heated by wave breaking to be primarily ionospheric.
Evidence for these effects in substerm events is summarized by Moore (1986) and references cited therein. It seems plausible as well that the concentration of wave heating of the low-energy plasma observed near the equator in the outer plasmasphere (Olsen et al., 1987 ) is associated with the breaking of wave disturbances propagating from the outer magnetosphere.
Conclusions
We have constructed an empirically-based model of the plasma and magnetic field parameters for the purpose of specifying the distribution of MHD wave phase speeds throughout the magnetosphere, exclusive of the magnetotail. In this paper we have pointed out a major feature of the resulting wave speed distribution, a torusshaped minimum or magnetospheric "shoal." This feature is a characteristic of the statistically averaged configuration of the magnetosphere, though it may be more or less pronounced for plausible instantaneous states of the magnetosphere. The feature is not entirely symmetric and leads to equatorial contours of equal wave speed which spiral outward in the evening sector similar to the substerm injection boundary inferred from spacecraft data (Mcllwain, 1974) . We assert that the existence of such a feature implies that magnetospheric waves will be subject to well-known wave phenomena such as refraction, reflection, and breaking, depending upon their wavelengths in relation to the scale of the feature. We suggest that these wave phenomena are of general importance to magnetospheric dynamics, specifically in the formation of substorm-injected plasma populations which produce bright diffuse aurora and the ring current.
